Abstract: Immune-mediated injury of a transplanted organ can lead to allograft dysfunction and even patient death. Acute cellular rejection typically occurs within the first months post-transplantation but patients are at life-time risk, particularly if there is medication non-compliance or reduction of immunosuppression due to complications. Therefore, safe and accurate monitoring of the donated organ for signs of rejection is essential for long-term survival of the transplanted organ and recipient. The current gold standard for rejection surveillance is through tissue biopsy and histology, which is costly, invasive, and subjective. Thus, efforts to develop non-invasive methods for the detection of rejection post-transplantation are a priority in the field. The first FDA-approved noninvasive assay, AlloMap, was developed in 2006 and monitored the peripheral expression of 11 genes associated with immune system activation. More recently, there has been a shift towards interrogating the status of the transplanted organ directly. Fragments of genomic DNA are released into the blood during cellular apoptosis and levels of cell-free DNA (cfDNA) have been shown to be elevated in the presence of organ injury, including after transplantation. Since the genomic characteristics of DNA are maintained in cfDNA (eg, sequence variants), this circulating molecule represents a promising organ-specific biomarker for allograft injury. DNA sequence variants have been used to distinguish donor and recipient cfDNA with or without a priori donor genotyping in a variety of solid organs post-transplant. Current research has established the groundwork and future multicenter trials will determine if this novel molecular diagnostic tool represents a viable alternative to tissue biopsy. Other nucleic acid molecules released from the transplanted organ (eg, microRNAs) are presently less well developed in comparison to cfDNA but may also represent potential novel biomarkers. This review summarizes current literature and evaluates the promises and pitfalls of circulating nucleic acids as biomarkers for allograft injury post-transplant.
Introduction
Immune-mediated injury of a transplanted organ is a serious problem, as rejection can lead to allograft dysfunction and, in severe cases, patient death. Acute cellular rejection (ACR) most often occurs within the first 6 months post-transplant. 1 This form of rejection involves the accumulation of mononuclear cells, specifically CD4+ and CD8+ T-cells, in the interstitial space of the allograft as a result of antigens on the donated organ being identified as foreign to the recipient. 1 These T-cells ultimately initiate an immune cascade that leads to the apoptosis of the targeted cells. 1 As these cells die, the nucleic acids within become fragmented, resulting in approximately 120-160 base pair (bp) pieces of double-stranded cell-free DNA (cfDNA) that are released into the blood and ultimately excreted in the urine. 2 Circulating nucleic acids, including cfDNA, have been leveraged as diagnostic tools to replace invasive biopsies in other areas of medicine. For example, the detection of fetal cfDNA in maternal blood has been used to detect genetic abnormalities in the fetus, thereby replacing highly invasive amniocentesis, and has seen rapid commercialization and clinical uptake. 3, 4 Another common use of cfDNA has been in oncology, since the cells that comprise the tumor are known to release fragments of genomic DNA into the circulation. 5, 6 As such, "liquid biopsies"
can be employed to isolate cfDNA (derived from both normal and tumor tissue) from serum or plasma, and then interrogated using massively-parallel sequencing to identify the presence of the cancer-causing mutation(s) and enable diagnosis or monitor response to chemotherapy. 5, 7, 8 Whereas the clinical scenarios of transplantation, pregnancy, and cancer involve the presence of two different populations of cfDNA derived from distinct sources, the recognition that epigenetic changes (ie DNA methylation) also remain intact in fragments of cfDNA has expanded the use of cfDNA to become a biomarker capable of identifying tissue-specific injury. 2 Since cfDNA can be obtained from a simple blood draw, its concentration within the serum or plasma accurately measured and its nucleotide sequence or modifications determined, cfDNA is an excellent candidate for a non-invasive biomarker for multiple human diseases including rejection after solid organ transplantation. Frequent and accurate monitoring of allograft health is essential for long-term survival of the transplant recipient. For heart transplantation (HT), the current gold standard for diagnosing rejection is the endomyocardial biopsy (EMB). 9 However, this procedure is expensive and has significant limitations ( Table 1) , many of which are common to all organ or tissue biopsies. 10, 11 In addition, the invasive nature of the biopsy may lead to potential complications, such as puncture of the adjacent carotid artery during catheter insertion, cardiac perforation with tamponade, pneumothorax, damage to the tricuspid valve, air embolism, atrial arrhythmias, and prolonged bleeding. [11] [12] [13] Alternative, non-invasive diagnostic methods would permit easier, safer, and possibly even more frequent monitoring of the transplanted organ, which might allow for earlier detection of rejection and the implementation of appropriate treatment. Unfortunately, current non-invasive methods, including echocardiography and cardiac magnetic resonance imaging, lack adequate specificity and sensitivity. [14] [15] [16] [17] Blood-based biomarkers currently represent the "holy grail" for a minimally-invasive approach for the detection of rejection and, recently, circulating nucleic acids isolated from the plasma or urine have shown promise and have even been implemented into clinical practice (Figure 1 ).
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Transcriptomics-based molecular diagnostics AlloMap
Substantial effort has been made to develop non-invasive assays that could replace or reduce the use of EMB, especially for patients who are asymptomatic or who are >1 year post-transplant and in whom the likelihood of finding significant rejection is very low. In these patients, the probability of biopsy-related complications, although low, is more likely than the detection of subclinical allograft rejection requiring treatment. Perhaps logically, initial efforts focused on monitoring the recipient's immune response and gene-expression profiling of peripheral blood mononuclear cells (PBMCs) was used to detect the presence of rejection. 22 More specifically, an assay that utilized 11
informative genes was developed to discriminate between the absence of rejection (International Society of Heart and Lung Transplantation (ISHLT) grade 0R) and moderate-tosevere rejection (ISHLT grade ≥2R) non-invasively. 22 By combining information from the literature regarding pathways involved in immune activation, recruitment, and mobilization during rejection, bioinformatics, and publicly-available cDNA libraries of stimulated and resting leukocytes, a total of 7,370 genes were represented on a custom microarray. Analysis of this microarray was conducted using patient PBMC samples, whereby 252 candidate genes were identified and subjected to real-time PCR (RT-PCR) using samples from patients with and without a confirmed episode of rejection. Overall, four individual genes (ARHU, PDCD1, ITGA4, and SEMA7A) and three aggregates of gene expression (ITGAM, FLT3, and IL1R2; G6B and PF4; WDR40A and MIR) provided a total of 11 gene classifiers that could be used to effectively distinguish between rejection and quiescent samples. The majority of these genes were associated with T-cell production, activation, and mobilization, which is consistent with their role in It should be noted that participants had received a heart transplant between 6 months and 5 years prior to the study and were randomized to either undergo routine EMB or be monitored using the AlloMap assay in a 1:1 ratio. 23 On average, the participants were 54 years of age, and the majority of the study group were caucasian males. 23 The IMAGE trial defined the primary outcome as the first occurrence of rejection with hemodynamic compromise and/or graft dysfunction due to other causes, death, or retransplantation. Secondary outcomes included death from any cause, the number of biopsies performed, and biopsy-related complications. 23 In addition to this, information regarding the participants' quality-of-life and satisfaction with their assigned monitoring method was also collected. It was found that patients in the gene-profiling group were more satisfied with the non-invasive protocol than those in the biopsy group, and the level of satisfaction increased in the second year, while the scores in the biopsy group remained lower and consistent over the same 2-year period. 23 Notably, a total of 34 episodes of rejection were detected in the gene-profiling group out of 1,190 serum samples obtained and analyzed throughout the trial. 23 In comparison, 47 episodes of rejection were observed out of the 1,249 EMBs performed in the biopsy group over the course of the study. 23 In the gene-profiling group, six of the 34 rejection events were treated as a result of a geneexpression score >30, which warranted EMB confirmation. In the biopsy group, 22 treated episodes of rejection were asymptomatic and were detected on routine biopsy alone. 23 Overall, the use of the AlloMap test, in conjunction with clinical observation and echocardiograms, safely reduced the number of biopsies performed without increasing the risk of serious cardiovascular events. 23 However, more recently there has been a shift from monitoring the recipient's immune response to approaches that directly interrogate the health of the donated organ, including the use of organ-derived circulating nucleic acids.
Circulating messenger RNAs
Much like the strategy employed for the development of AlloMap to non-invasively detect rejection in heart transplant recipients, changes in the expression of specific genes have been identified to detect primary graft dysfunction (PGD) in lung transplant recipients. 24 A multicenter prospective cohort study, conducted between 2008 and 2010, across three US transplant centers (the University of Pennsylvania, Columbia University, and the University of Wisconsin) enrolled 106 lung transplant recipients between the ages of 16-70. 24 PGD was defined as grade 3 rejection within the first 72 hours post-transplant, and the expression of 100 genes typically associated with an immune response were assessed in each patient. 24 Blood samples were drawn from all 106 participants at 2 hours, 1 week, 6 weeks, 3 months, 6 months, and 1 year post-transplant. Of these 106 lung-transplant recipients, 24 patients met the criteria for PGD. 24 Notably, within the patients who experienced PGD, 18 genes were found to be differentially expressed over the course of the first year, with the majority of these genes being involved in both innate and adaptive immunity. 24 Furthermore, 11 genes, including nod-like receptor family, pyrin domain-containing 3 (NLRP3), were overexpressed in patients with PGD, compared to those without, within 2 hours after transplantation. 24 After the first week post-transplant, patients with PGD displayed nine overexpressed genes, which included toll-like receptor-4 and -2 (TLR4 and TLR2), as well as nod-like receptor family, caspase recruitment domain-containing 4 and 3 (NLRC4 and NLRP3). 24 Overall, these levels of expression indicated that genes encoding innate immune and inflammasome-related proteins were highly represented during this early period of rejection. In contrast to this, 11 genes were underexpressed in patients with PGD, compared to those without, as early as 2 hours after reperfusion, most of which were associated with T-cell regulation. 24 Of note, FOXP3, a master regulator for regulatory T-cell development and function, as well as Fas ligand (FASLG), an apoptosis trigger essential for adaptive immune regulation, were underexpressed within 2 hours of reperfusion and remained differentially expressed at 7 days post-transplant. 24 Thus, overexpression of genes associated with innate immune and inflammasome activation, as well as suppression of T-cell regulatory responses, may act as a strong indicator for PGD within the first week post-lung transplant and would, therefore, necessitate further measures to ensure survival of the allograft and recipient.
The examination of changes in gene expression, based on levels of mRNAs in plasma and urine, has also been implemented for the non-invasive detection of acute rejection in patients who have received a kidney transplant. Of note, T-cell immunoglobulin and mucin domain 3 (TIM-3), which has been found to play a role in both alloimmune and autoimmune responses, ultimately dictates tolerance induction, and, therefore, graft survival, in kidney transplantation. 25 In addition to TIM-3, kidney injury molecule-1 (KIM-1) has been found to be highly expressed in epithelial cells of an injured proximal tubule, which makes it an excellent candidate for a kidney-specific biomarker. 25 One such study investigated both urinary and blood TIM-3 mRNA expressions, urinary KIM-1 mRNA expression, as well as urinary and serum KIM-1 proteins in 85 renal allograft recipients diagnosed with ACR (n=24), chronic allograft dysfunction (CAD) (n=19), and those with stable transplants (n=42). 25 Overall, it was found that patients that experienced either ACR or CAD patients had significantly greater urinary and blood TIM-3 mRNA expressions, urinary KIM-1 mRNA expression, and urinary and serum KIM-1 protein levels, in comparison to stable kidney transplant recipients and healthy controls. 25 Interestingly, patients with elevated levels of both TIM-3 and KIM-1 mRNA, as well as corresponding protein levels, in the serum and urine tended to also display a lower glomerular filtration rate (GFR). 25 Furthermore, while TIM-3 mRNA levels declined in the plasma and urine of patients who experienced ACR, following anti-rejection therapy, these levels have been found to remain consistently high in CAD patients. 25, 26 Therefore, the level of expression of TIM-3 can be used to non-invasively identify patients who may have surpassed ACR and are now experiencing CAD. In addition to this, persistently elevated levels of KIM-1 has been associated with graft loss within 5 years of transplantation, which indicates the predictive value of this potential noninvasive biomarker.
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Circulating organ-specific microRNAs MicroRNAs (miRNAs) are a class of small non-coding RNAs which play an integral role in the regulation of gene expression and the modulation of many cellular processes through post-transcriptional suppression. 27 Changes in the tissue expression of miRNAs have been linked to pathological conditions in humans including malignant, 28 infectious, 29 autoimmune, 30,31 renal, 32 and cardiovascular diseases. 33 Furthermore, miRNAs may be passively released from dying cells encapsulated in apoptotic bodies that effectively protect the miRNA from immediate degradation in the circulation. 19, 34 Therefore, the potential use of these endogenous circulating miRNAs, which are highly stable in blood and resistant to temperature changes, as diagnostic markers for the detection of rejection following transplantation has gained a great deal of attention. 19, 34 Circulating miRNAs as a non-invasive biomarker for the detection of immune-mediated rejection following transplantation were first evaluated using animal models, [35] [36] [37] [38] [39] but more recent testing using human samples has helped further our understanding of the kinetics and role of circulating human organ-specific miRNAs during acute rejection events. MicroRNAs have been found to also be detectable in urine and can, therefore, serve as potential biomarkers of acute rejection in humans after kidney transplantation. [40] [41] [42] [43] [44] In one study, urinary miRNAs of stable transplant patients and transplant patients with acute rejection were profiled, which revealed a strong dysregulation of miR-210 expression in the urine of patients presenting with acute rejection. 40 More specifically, miR-210 expression was downregulated in patients with acute rejection in comparison to controls. 40 Interestingly, low miR-210 levels were significantly associated with a decline in GFR shortly after transplantation compared to levels observed in stable patients with and without urinary tract infections. 40 Thus, miR-210 has been considered a strong potential non-invasive blood biomarker for the detection of acute rejection and kidney failure following renal transplantation. In addition to the downregulation of miR-210, an upregulation of miR-150, miR-155, miR-663, and miR-638 has also been observed in the serum of patients during an acute rejection event. 44 In terms of liver transplantation, although several differentially-expressed liver-specific miRNAs associated with rejection have been identified, 45 it has been noted that human hepatocytes express large amounts of miR-122. [46] [47] [48] This miRNA plays a pivotal role in the regulation of cholesterol metabolism, in conjunction with a more widely expressed miRNA, miR-33, as well as in iron homeostasis, alongside the broadly expressed miR-210. 46, 47, 49, 50 Due to its generally high expression, miR-122 can be detected in serum and tends to be present in high concentrations in patients with viral, alcoholic, or chemical-related hepatotoxicity. 46, 48 In one study, serum samples were obtained from 12 healthy controls and 43 liver transplant recipients, 13 of which displayed histologically-proven ACR. 46 Liver-specific miRNAs in the serum of liver transplant recipients experiencing an episode of acute rejection were analyzed and levels of miR-122 were found to be significantly elevated during rejection. 46 On average, a 9-fold increase was observed at the time of a rejection episode when compared to the levels of miR-122 observed 6 months later following the resolution of ACR. 46 In addition to this, miR-122 showed higher sensitivity compared to other biomarkers of hepatic injury, as the rise in levels preceded that of the aminotransferases. 46 The use of circulating miRNAs as potential non-invasive biomarkers for immune-mediated injury has also been demonstrated for cardiac transplantation. 20, [50] [51] [52] [53] [54] One study compared 30 patients with acute biopsy-proven rejection to 30 matched control patients without rejection. 20 Overall, four cardiac miRNAs; miR-10a, miR-31, miR-92a, and miR-155, were found to be differentially expressed in the serum of patients experiencing ACR and peripheral blood levels strongly correlated with levels observed within cardiac tissue. 20 Interestingly, miR-10a, miR-155, miR-31, and miR-92a were also found to play a role in initiating a myocardial immune response which could account for their differential expression during an ACR event. 20 Therefore, these miRNAs, which are both cardiac-specific and associated with an immune response, have the potential for being robust non-invasive biomarkers for those experiencing ACR. However, further prospective studies will have to be conducted to better understand the kinetics of these miRNAs and establish threshold levels associated with rejection.
Circulating long non-coding RNAs
In contrast to miRNAs, long non-coding RNAs (lncRNAs) are characterized as being greater than 200 nucleotides in length. 55 There is an emerging understanding of the role of these nucleic acids in not only regulating the genome and proteome, but also the potential utility as a biomarker for acute organ injury, and by extension could predict organ survival. 55, 56 These lncRNAs have been found to be detectable in plasma samples taken from patients who have experienced acute kidney injury. 56 However, there has been a shift to detect these nucleic acids in urine, as it is easily accessible and can detect any changes occurring within the kidneys that may be attributed to ACR. 57 One such study employed 62 patients with biopsy-proven ACR and 31 stable, control, patients with no evidence of rejection. 56, 57 Overall, ACR was detected in 20 urine samples at 6 weeks, 28 urine samples at 3 months, and 14 urine samples at 6 months after kidney transplantation. 56, 57 This indicated that lncRNAs are in fact stable in urine, and can, therefore, be feasibly isolated, detected, and function as potential biomarkers for ACR in transplanted kidneys. Interestingly, three intergenic lncRNAs, LNC-MYH13-3:1 (L321), RP11-395P13.3-001 (L327), and RP11-354P17.15-001 (L328), were found to be differentially expressed when comparing patients with ACR, and those with no evidence of rejection. L327 and L328 were both found to be upregulated in patients with ACR, when compared with stable kidney transplant recipients. It should be noted that, after successful antirejection therapy, the levels of L328 normalized in patients with ACR. However, the upregulation of L328 was also associated with a greater decline in GFR 1 year after transplantation. 57 Therefore, L328 may be an excellent candidate for a non-invasive biomarker of acute cell mediated rejection in kidneys, and has predicative value for determining the likelihood of long-term graft function.
Recipient-vs donor-derived cell-free DNA Donor-recipient sex-mismatch
Since the presence of cfDNA in the plasma is due to the natural process of apoptosis, all individuals have some detectable levels of cfDNA in their blood. 57, 58 For healthy individuals, the majority of the cfDNA detected in the plasma is derived from hematopoietic cells. 57, 58 The use of circulating nucleic acids, such as cfDNA, as a biomarker for rejection has several advantages, as it is derived directly from the cells of the donated organ that have been injured by the cytotoxic immune response. In addition to this, cfDNA can be easily obtained through a simple and minimally-invasive blood draw or urine sample. Furthermore, cfDNA maintains all of the genetic features of genomic DNA, thereby allowing for differentiation between genetic material released from the donated organ and cfDNA derived from the recipient's cells undergoing routine apoptosis. 58 In cases where the organ donor is male and the recipient is female, this sex-mismatch can be leveraged in order to identify and quantify donorderived cfDNA (dd-cfDNA). 21 As such, injury to the donated organ as a result of rejection is expected to lead to an increase in the copy number of cfDNA derived from the donor's Y chromosome. 21 This principle was demonstrated in urine samples taken from sex-mismatched female renal transplant recipients, whereby patients who had experienced rejection had elevated levels of ddcfDNA in their urine, specifically containing regions found within the Y chromosome, as compared to patients without rejection. 21 Although this approach allows for confident assessment of rejection in the allograft, sex-mismatch between the donor and recipient is a relatively uncommon event and, therefore, not broadly applicable in transplantation. Methodology that relies upon identifying differences between the donor and recipient cfDNA based on single nucleotide polymorphisms (SNPs) in cfDNA would be more universally applicable.
Genome transplant dynamics -"two genomes" model
Given that an organ transplant is also a genome transplant, the concept of genome transplant dynamics (GTD) relies on informative genetic differences between the donor and recipient whereby, at a particular locus, the recipient ideally is homozygous for a single base (eg, AA) and the donor is homozygous for a different base (eg, GG). 58, 59 Given the genetic heterogeneity between individuals, this potentially amounts to tens of thousands of potentially useful loci across the genome that could be used to discriminate ddcfDNA from recipient cfDNA. Thus, high-throughput sequencing of cfDNA allows for the identification of a unique donor "genetic fingerprint". This donor-specific signature can be used to calculate the quantity of dd-cfDNA present within the recipient circulation. 58, 59 This concept was first illustrated using previously-collected blood samples and banked splenocytes from the donor to determine the genotype for each donor-recipient pairing. 59 After sequencing the purified cfDNA, the percentage of donorspecific molecules was determined based on the total number of informative bases. In samples taken at the time of a biopsy-proven rejection event, the percentage of donorspecific SNPs was increased, while the rate of errors due to sequencing and incorrect genotyping information remained unchanged. 59 In addition to this, it was also noted that the percentage of dd-cfDNA within the recipient's circulation in the absence of rejection was relatively negligible (<1%). 59 However, this percentage increased to >3-4% during, or even immediately preceding, biopsy-proven rejection, which represented a significant increase in the amount of dd-cfDNA within the recipient's blood. 59 Since the establishment of the GTD assay, prospective studies have been conducted to validate this approach. Both pediatric and adult heart and lung transplant patients were recruited, and the genotypes of the donors and recipients were determined using whole-genome sequencing (WGS). 60 Over the course of the study, serial plasma samples were collected and, upon sequencing the isolated cfDNA, based on the previously-determined SNP differences between the donor-recipient pairs, an average of 53,423 informative SNP markers were available per pairing. 60 Overall, the predictive capacity of this assay was superior to that of the AlloMap test, and often showed early detection of acute rejection. 60 However, despite the accuracy of the GTD assay, important limitations are the requirement for a priori knowledge of the donor and recipient's genotypes and the requirement for WGS. While the recipient's genetic information can be easily obtained, this is not always true for the donor and WGS for each donorrecipient pair is costly, labor intensive, and time-consuming. Thus, alternative strategies have been developed to address these weaknesses.
"Single genome" model
An alternative "single-genome" method utilizes all genotyped SNPs as opposed to relying only on those homozygous SNPs that differ between the recipient and donor. 61 Therefore, a priori knowledge of the donor's specific genotype is not required in order to determine the proportion of dd-cfDNA within the circulation of the recipient. 61 Due to the fact that heart and lung transplants do not typically occur between closely related individuals (unlike kidney and liver), the developed algorithm for heart and lung transplants assumes that the donor genotype is randomly selected from a human population. 60 Based on this, the probability of a specific donor allele is assumed to be its frequency in the population, as determined from databases such as the 1,000 Genomes Project. 60 The performance of this model was assessed by directly comparing the estimated levels of ddcfDNA to levels determined using both the donor and recipient's genotypes, and it was found that the two algorithms were highly comparable for lung transplantation. 61 However, for heart transplant recipients, the estimated levels of dd-cfDNA were highly correlated, but not as strongly as was seen in the lung cohort. 61 This may be due to lower levels of dd-cfDNA in the heart cohort, which made the estimation more difficult. It should be noted that the predictive value of this assay was greatly reduced when the abundance of dd-cfDNA fell below 0.2% or exceeded 25%, which prevented the application of this assay for the detection of rejection in liver and bone marrow transplants. 61, 62 Thus, further improvements to these algorithms are likely required to increase the sensitivity and specificity for the detection of dd-cfDNA within the circulation of transplant recipients, especially for patients who have recently received a transplant when the levels of circulating cfDNA are known to be elevated. The requirement of WGS for both the donor and recipient can not only be an unrealistic requirement for timecritical organ transplants from deceased donors, but it can quickly become excessively costly to perform such analysis for every donor-recipient pair. As such, an alternative approach that is rapid, does not require WGS or a priori knowledge of the donor and recipient's genotypes, and only requires plasma collected from the transplant recipient has been developed. 63 This method was used to determine the level of dd-cfDNA within the plasma of both pediatric and adult heart transplant recipients as well as a case of pediatric human liver cell transplant. 63 Instead of WGS, a commercially-available panel of 124 highly polymorphic SNPs was utilized rather than interrogating the entire genome. This significantly reduced the total amount of sequencing required and, therefore, substantially reduced the sequencing and analysis time. Furthermore, in order to model the mixture of dd-cfDNA and recipient cfDNA, a novel algorithm based on the assumption that the donor and recipient would display biallelic loci was designed. 63 Using this assay, dd-cfDNA was detectable after the infusion of donor hepatocytes up to 24 weeks post-transplantation, and levels of dd-cfDNA were detectable in plasma obtained from adult and pediatric heart transplant recipients. 63 Notably, due to the algorithm employed, this assay is limited to circumstances where the dd-cfDNA fraction is <14%. 63 Therefore, this assay would likely be best suited for the detection of rejection in stable heart transplant recipients who are >1 month post-transplant or those patients who are not lung or liver transplant recipients where the proportion of dd-cfDNA can be substantially higher. 62 Also, since this assay relies upon differences in minor allele frequency between individuals, this assay would likely not be robustly accurate in the situation of closely related donor-recipient pairs, such as occurs in living-related kidney donation. Finally, this assay remains to be validated for the accurate detection of ACR.
Quantification of dd-cfDNA using digital droplet PCR
The idea of utilizing polymorphic (minor allele frequency >0.4) SNPs for the targeted quantification of dd-cfDNA has been taken one step further by applying the technology of digital droplet PCR (ddPCR). The use of ddPCR allows for the high-throughput processing of samples with small volumes and low concentrations (ie, cfDNA isolated from plasma), thereby effectively reducing the cost and required materials and time while maintaining sensitivity and specificity. [64] [65] [66] [67] [68] As applied to transplantation, 41 highly polymorphic and informative SNPs were interrogated for the detection of dd-cfDNA in the plasma of 10 liver, nine kidney, and eight heart transplant recipients. 64 Stable kidney and heart transplant recipients showed dd-cfDNA levels of 2-3%, while stable liver transplant recipients had ddcfDNA levels around 7%. 64 In the case of liver transplant recipients, it was found that failure for dd-cfDNA to fall below 15% by 10 days post-transplant or a significant rise in dd-cfDNA levels were indicative of rejection. 64 Overall, this cost-effective and rapid (same-day results) test has shown promise for the accurate quantification of ddcfDNA levels. However, it should be noted that this protocol required pre-amplification of the isolated cfDNA, which may impact the reproducibility of these findings in future clinical trials. Thus, testing of this assay in larger clinical trials may support its introduction into routine post-transplant care, and reduce the need for invasive biopsies to monitor for the development of allograft rejection.
Donor-derived cell-free DNA kinetics during quiescence and rejection Levels of cfDNA can vary for several reasons apart from rejection, such as surgery, trauma, infection, or even exhaustive exercise. 2, 67 Therefore, understanding the kinetics of the release of dd-cfDNA into the recipient's plasma is imperative for determining the likelihood of organ survival, as different solid organ transplants result in distinguishing levels of dd-cfDNA. At 1 day post-heart transplant, the level of dd-cfDNA has been observed to reach 3.8±2.3%. 61 However, the level of dd-cfDNA rapidly declined within the first week and remained low in the absence of rejection, thereby displaying singledecay kinetics. 61 Patients who have received a kidney transplant displayed very similar kinetics for the level of dd-cfDNA. 68 In contrast to this, on the first postoperative day for bilateral lung transplants, the level of dd-cfDNA was observed to be 26±14%. 62 In addition to this, the decline in dd-cfDNA displayed two-step decay kinetics, whereby the level dd-cfDNA declined rapidly within the first week but then slowed in decline and generally remained elevated throughout the post-transplant course, in comparison to levels observed in stable heart and kidney transplant recipients. 61, 62, 68 During episodes of acute rejection in lung transplant patients, the level of dd-cfDNA spiked to 14-15% from the baseline levels of 1-3% just prior to the event. 62 Similar to this, when an episode of acute rejection was experienced by a heart transplant recipient, the plasma dd-cfDNA levels jumped to 4-5%, from the baseline level of~0.06% observed during quiescence. 59 The characteristic levels of dd-cfDNA observed following each of these solid organ transplants can be attributed to the variation in tissue mass and the corresponding cell turnover rate. For example, when comparing bilateral and single-lung transplants, the rate of turnover has been observed to be, on average, 107 and 58 cells per second, respectively. 61 Conversely, more than 14 days post-heart transplant, where no rejection event had been experienced, an average turnover rate of eight cells per second tended to be observed. 61, 69 The vast differences in cell mass and cell turnover alone contribute to the discrepancies in ddcfDNA levels observed, even in stable solid organ transplant recipients. Thus, an understanding of the expected levels of dd-cfDNA over time associated with a given solid organ transplant not only allows for the identification of any perturbations, which may be a sign of acute rejection, but also to determine the best form of rejection monitoring. As mentioned above, current non-invasive assays require dd-cfDNA levels to not exceed 14%, which tends to be the case for lung transplant recipients for at least the first 10 days post-transplant. 61, 63 Therefore, designing assays that account for these elevated levels would be a point of interest for the future of non-invasive rejection monitoring.
Conclusions
Costly and invasive tissue biopsies for the detection of allograft rejection are not only associated with significant potential complications, but also lack sensitivity due to the restricted sampling area and subjective grading assessment. As such, the use of non-invasive assays that accurately assess the health of the transplanted organ as a whole could allow for safer and more frequent monitoring while improving the ability of clinicians to detect and treat significant rejection. In combination with novel assays to monitor total levels of immunosuppression (for example, based on viral diversity), 71, 72 personalized immunosuppression and monitoring could be realized to reduce morbidity, mortality, and improve long-term outcomes for organ transplantation. Overall, while the interrogation of the recipient's immune response has been able to reduce the number of biopsies performed for a transplant recipient, efforts to directly examine the health of the transplanted organ appear promising. Techniques that circumvent the need for WGS and the donor genotype are likely the easiest to implement clinically, but their robust validity remains to be proven. The field of noninvasive diagnostics has expanded greatly in recent years, and research efforts may soon make the tissue biopsy redundant and obsolete. 
